There is growing awareness of the complexity of potential reaction pathways and the associated solid-phase transformations during the reduction of iron (hydr)oxides, especially
INTRODUCTION
While ubiquitous in the environment, commonly as coatings on fractures or soil particles, iron (hydr)oxides often comprise only a small proportion of the total solid phase in soils and sediments. Nevertheless, cycling of iron (hydr)oxides can exert a dominant control on nutrient and contaminant mobility and bioavailability due to their large surface areas and high reactivity; iron (hydr)oxides can bind a wide-range of organic and inorganic constituents (e.g. carbon tetrachloride, arsenic, and phosphate) (Cornell and Schwertmann, 2003) . Accordingly, dissolution and transformation of iron (hydr)oxides can have major implications for the fate and transport of nutrients and trace element contaminants in both saturated and unsaturated environments (Bekins et al., 2001; DeLemos et al., 2006; Salminen et al., 2006) ; concomitant with the dissolution (inclusive of transformation) of iron (hydr)oxides, adsorbed or coprecipitated nutrients (or contaminants) may be mobilized, or reductively immobilized (Tokunaga et al., 2001; Tokunaga et al., 2005) .
Under oxidizing conditions, ferric-bearing minerals predominate as sparingly soluble phases such as ferrihydrite, goethite and hematite. In soils and sediments, poorly crystalline iron (hydr)oxides such as ferrihydrite are often the first phases to form, but are thermodynamically unstable and transform over time into more crystalline/stable forms such as goethite and hematite (Steefel and Van Cappellen, 1990; Cornell and Schwertmann, 2003; Kukkadapu et al., 2003) .
Upon initiation of reducing conditions, often induced by increased water saturation, dissimilatory iron-reducing bacteria (DIRB) couple the oxidation of organic matter or hydrogen with the reduction of iron (hydr)oxides (Gorby and Lovley, 1991; Nealson and Saffarini, 1994; Roden and Zachara, 1996; Lovley, 1997) , releasing Fe 2+ to the pore water. There is emerging evidence that the produced Fe(II), albeit a product of many contributing/competing biotic and abiotic 4 processes, plays a major role in promoting transformation of iron (hydr)oxides to more stable and insoluble iron-bearing mineral phases (Fredrickson et al., 1998; Benner et al., 2002; Zachara et al., 2002; Hansel et al., 2003; Hansel et al., 2005; Pedersen et al., 2006) . Dissolved ferrous iron influences iron (hydr)oxide transformations in two important ways. First, Fe(II) adsorption and electron transfer to structural Fe(III) enhances the rate of iron (hydr)oxide dissolution, thereby promoting Ostwald ripening (Cornell and Schwertmann, 2003) . Second, the presence of dissolved Fe 2+ makes precipitation of Fe(II)-bearing mineral phases feasible, provided they are thermodynamically favorable and kinetically viable. Ferrous iron promotes dissolution and transformation of ferrihydrite ( Fig. 1 ) to goethite and lepidocrocite through a dissolutionreprecipitation mechanism and formation of magnetite through heterogeneous nucleation and precipitation-green rust is formed through homogeneous nucleation and precipitation. Elevated aqueous Fe 2+ can also promote precipitation of siderite and vivianite in the presence of locally high concentrations of bicarbonate or phosphate, respectively (Postma, 1981; Fredrickson et al., 1998; Zachara et al., 2002; Borch et al., 2007) .
Within soils, the fate of iron oxides will be influenced by physical heterogeneity which has a dominant influence on the local biogeochemical conditions. Soils are a composite of chemical and biological constituents that develop within a framework of intricate physical structure consisting of various pore-sizes, conductivity, and connectivity across a wide range of scales ( Fig. 2) and moisture contents. Within this natural physical heterogeneity, larger pores are more likely to support advective transport while transport through smaller, micropores (Marshall, 1959; Johnson et al., 1960; Luxmoore, 1981) will more likely be diffusive in nature (Wilson et al., 1992; Harvey and Nuttle, 1995; Bai and Roegiers, 1997) . Heterogeneity in physical transport can result in drastic variations in biogeochemical processes (Parkin, 1987; Brzezinska et al., 5 1998; Tokunaga et al., 2001; Tokunaga et al., 2004) ; this heterogeneity in biogeochemical processes influences the distribution of iron (hydr)oxide minerals, and potentially, the fate and transport of associated nutrients and trace metal contaminants (Bai and Roegiers, 1997) .
Because larger pores can support both higher influxes of needed nutrients and efflux of reaction products, they have the potential to sustain higher levels of microbial activity (Bundt et al., 2001) . In contrast, within micropores, diffusive constraints will limit reaction progress. With active microbial reduction likely to be higher in macropores or isolated carbon 'hot spots', transformation of iron (hydr)oxides in micropores may be controlled by diffusive transport of Fe(II) from regions of sustained microbial Fe(III) reduction.
Geochemical controls governing the extent, rate and mechanisms of iron (hydr)oxide transformations in well mixed or static batch experiments and under advective flow have been extensively investigated (Benner et al., 2002; Zachara et al., 2002; Hansel et al., 2003) ; however, applicability of much of these data in physically complex systems has not yet been tested.
Accordingly, here we examine the impact of a diffusion-induced gradient in Fe
2+
(aq) on the mineral phase transformation of ferrihydrite. Our results document the creation of a complex, spatially and temporally distributed, array of secondary mineral phases, highlighting the potential importance of diffusive gradients in dictating the fate of iron during reduction of structured soils.
MATERIALS AND METHODS

Experimental Methods
We examined the impact of diffusive gradients on Fe(II)-induced transformation of ferrihydrite within parallel plate reaction cells. Unless otherwise specified, all experiments were performed in an anaerobic chamber (Coy Laboratories, Inc., Grass Lakes, MI) with a N 2 (95%): H 2 (5%) 6 atmosphere. Anaerobic solutions were prepared using water that had been boiled and cooled under a stream of O 2 -free N 2 gas. Ferrihydrite was synthesized according to Schwertmann and Cornell (1991 concentrations are rarely this high in natural systems, concentrations within a reactive microniche where Fe 2+ is actively generated may reach these levels. Three identical parallel plate systems were left to react for 21 d. Upon termination of the experiment, the plates were removed from the reactant solutions, drained, rinsed with DDI water, and allowed to dry inside the anaerobic chamber. Reacted systems were then disassembled, leaving only the iron (hydr)oxide coated lexan surface, which was then sealed between two pieces of Kapton polyamide film tape to prevent oxidation. Upon visual examination, replicate plates showed very similar iron (hydr)oxide distributions; however, due to the limited availability of µ-XAS synchrotron time, these additional plates were not able to be analyzed.
Analytical Methods
The speciation and distribution of Fe phases was determined using micro-X-ray absorption spectroscopy (µ-XAS). Micro-XAS analyses were conducted at beamline 10.3.2 at the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory. Energy selection was accomplished using a water cooled Si (111) (hydr)oxide) that can be used to definitively distinguish individual iron (hydr)oxides. At each pixel, the set of fluorescence intensities measured at the six energies listed above can be thought of as a coarsely-tabulated XAS spectrum, which was then fit to reference spectra in order to determine the fractions of the different species at the given pixel location. The use of more energies than reference species provides a consistency check and a measure of redundancy.
Using this technique, the distribution of iron (hydr)oxides across the surface of the parallel plate could be determined.
Extended X-ray absorption fine structure (EXAFS) spectra were collected from -200 to +500 eV about the K-edge of Fe at select locations using the same beam size. The XAS analytical procedure used here were similar to those described previously (Hansel et al, 2003) .
EXAFS spectra were collected on a 3 x 9 grid on the reacted iron (hydr)oxide coating with three spectra spaced ca. 300 µm apart taken across the width of the parallel plate and repeated at 9 8 distances along the length of the parallel plate moving away from the inlet. The XAS analytical procedure used here was similar to those described previously (Hansel et al, 2003) . EXAFS spectra were extracted from the averaged data files by pre-edge subtraction followed by spline fitting using SixPack (Webb, 2005) . Background-subtracted k 3 -weighted EXAFS were analyzed using the SixPack interface to IFEFFIT (Newville, 2001 ) and fit in the k-range 3 to 10.5 Å -1 .
Linear combination of model compounds was performed to reconstruct unknown spectra. A set of Fe reference compounds was used to perform linear combination k 3 -weighted EXAFS spectral fitting; linear combinations of the reference compounds were optimized and the only variable parameters were the fractions of each reference compounds. Reference compounds were chosen based on their likelihood of being a reaction product (including, for example, criteria such as elemental composition), and were included in the fit only if they contributed with a fraction of 0.05 or more. Detection limit for minor constituents is approximately 5%, as described previously (Hansel et al, 2003) . The set of Fe reference standards included ferrihydrite, goethite, lepidocrocite, magnetite, green rust-sulfate, siderite and vivianite. Each of these oxides were synthesized following the procedures of Schwertmann and Cornell (1991) and verified using Xray diffraction (XRD) analysis. Linear combination fits of EXAFS spectra at triplicate points across the width of the parallel plate were averaged and a single distribution of iron (hydr)oxide was calculated and determined to be representative of a particular distance from the parallel plate inlet.
Modeling
Simulations were performed using MIN3P (Mayer et al., 2002) , a general purpose reactive transport code that has previously been used for the investigation of a variety of reactive 9 transport problems in saturated and unsaturated porous media (Mayer et al., 2002; Jurjovec et al., 2004) . The MIN3P code couples advective-diffusive flow, solute transport, intra-aqueous reactions and solid phase transformations.
To evaluate the conceptual model of our experiment, we translated that conceptualization into a physical-chemical reaction network capable of reproducing the mineral phase transformations observed both in previously published batch reactions (Hansel et al., 2005) (Fig.   4 ) and the diffusion reaction cell described here (Fig. 5 ). The modeling approach utilizes thermodynamic constants to limit reaction progress to conditions under which each reaction is thermodynamically favored and links that constraint to empirically based rate expressions derived to match observed trends in the experimental data. In these experimental systems (Sobolev and Roden, 2001; Neubauer et al., 2002) . Simulations were allowed to run for a reaction time of 21 d.
The reaction network was developed around the experimentally observed dissolution and precipitation transformations and it includes the aqueous complexation reactions that affect mineral solubility. Aqueous complexation reactions are treated as equilibrium reactions based on reaction constants in the MINTEQA2 database. The solid phase transformations (ferrihydrite, lepidocrocite, goethite, and magnetite) were treated as kinetic reactions while honoring thermodynamic solubility constraints (Table 1 ).
Experimental observations suggest that the reductive transformation of ferrihydrite involves a number of threshold-type changes that can dramatically alter the reaction pathway.
The first is best evidenced in Hansel et al (2003) , who demonstrated an aqueous Fe 2+ concentration threshold (0.3 mmol L -1 , for this system), above which magnetite is observed as a secondary phase and below which goethite or lepidocrocite is produced. The mechanistic reason for this threshold likely involves the nucleation energy for magnetite but at present is not fully resolved. Similarly, as indicated in Hansel et al (2005) and shown in Fig. 4 , the accumulation of magnetite appears to promote the re-dissolution of lepidocrocite/goethite. Finally, there is an apparent limit on the amount of ferrihydrite that is reactive; a residual of approximately 20% of the original volume remains unreacted in all experiments. We have chosen to express thresholds using a similar, but purely empirical, hyperbolic-based formulation that provides the appropriate influence on the rate expression; these rate terms are described in detail below.
Ferrihydrite dissolution was expressed as:
The rate of ferrihydrite dissolution (note the thermodynamic driving force) was enhanced by the presence of ferrous iron with previously observed dependency of [Fe 2+ ] 0.5 (Fischer, 1972; Cornell and Schwertmann, 2003) . It was also assumed that dissolution can only occur when the simulated aqueous solution is under-saturated; as thermodynamic equilibrium is reached in the simulation, dissolution must cease. This dependency can be expressed by the relationship between the model-produced ion activity product (IAP) and the published solubility product (K sp ) (Steefel and Van Cappellen, 1990) . Finally, in both the batch and diffusion cell experiments, a fraction of the initial ferrihydrite was non-reactive; this threshold behavior is reproduced using an empirical hyperbolic term similar to a Monod formulation. Consequently, the rate of ferrihydrite dissolution is expressed as: Goethite and lepidocrocite precipitation and dissolution were expressed as:
As with ferrihydrite, goethite dissolution and precipitation rates decrease as equilibrium is approached. Standard rate expressions that are derived based on combining dissolution and precipitation reactions into a single rate expression (Stumm and Morgan, 1996) lead to unrealistically large precipitation rates under highly supersaturated conditions. Accordingly, the reaction rates for goethite precipitation and dissolution are decoupled and expressed as: is the solubility product for goethite (Table 1) , and the coupling of these terms dictate that the overall rate of dissolution (or reprecipitation) reduces to zero as equilibrium is approached (i.e., when IAP = K sp ). When the system is far from equilibrium, the IAP-K sp term approaches unity and the entire rate expression collapses to a zero order rate equation.
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Lepidocrocite precipitation and dissolution rates are formulated similarly to goethite with a decoupling of the precipitation and dissolution rates. However, the batch experiments indicate that the dissolution of lepidocrocite is strongly influenced by the presence of elevated Fe 2+ concentrations and/or the accumulation of magnetite. Accordingly, the dissolution of lepidocrocite includes both a [Fe 2+ ] dependency term and threshold dependency term on magnetite presence: Magnetite precipitation in this system requires a surface loading of Fe(II) that is proportional to a dissolved ferrous iron concentrations in excess of 0.2 mmol L -1 (Hansel et al., 2003) . The rate of magnetite formation requires an expression of the necessary Fe 2+ threshold concentration; this dependency is also expressed using a hyperbolic term. As with goethite, the rate of magnetite precipitation is assumed to be influenced by mineral phase solubility, but unlike goethite, it is assumed that magnetite does not undergo dissolution. (Hansel et al., 2003) . This threshold term requires an exponent (X) value of 3. The solid phase distribution within the simulations was simplified by combining the ferrous-bearing phases magnetite and green rust.
RESULTS AND DISCUSSION
While advective transport results in more homogeneous chemical conditions in macropores, diffusive-limited transport can produce steep concentration gradients, conditions likely to exist in micropores of soil aggregates (Grisak and Pickens, 1980; Sudicky and Frind, 1982; Parker et al., 1994) . Within the idealized micropore created by parallel plates coupled with an elevated dissolved Fe 2+ boundary condition, a complex, and spatially distinct, distribution of secondary mineral phases is observed (Fig. 5) . Ferrihydrite transforms to goethite and magnetite within 21 d, with lesser amounts of green rust and lepidocrocite (Fig. 5) , results similar to those observed under advective flow and in hydrostatic systems (Benner et al., 2002; Zachara et al., 2002; Hansel et al., 2003; Hansel et al., 2005) . Visual transformation from reddish brown to 15 black occurred in the lower 1-2 mm (inlet end) of the cell within the first 7 d, while the remaining iron (hydr)oxide coating (distal end) of the parallel plates transformed to a yelloworange color similar to that of goethite and lepidocrocite. Micro-x-ray fluorescence mapping (Fig. 5A) illustrates the distribution of Fe(II) within the solids along the flow path, showing green rust forming along the first 0-0.5 mm of the reacted parallel plate, magnetite as the dominant iron (hydr)oxide for the subsequent ca. 2 mm, and goethite dominating at all subsequent mapped distances. Proportions of mineral phases in the reacted parallel plate system were also determined by linear combination fitting of k 3 -weighted EXAFS spectra ( Fig. 5B and   6 ). In the first 0.25 mm, green rust and magnetite were confirmed, each composing approximately 30% (mole % Fe) of the iron (hydr)oxide coating. Between approximately 0.3 and 2.5 mm from the inlet, green rust ceases to be observed and the proportion of magnetite decreased from approximately 30% to less than 10%. Over this transect, the proportion of goethite increases from undetectable to over 50%. Beyond 2.5 mm from the inlet, goethite is the dominant phase, comprising between 40-95% of the iron. At distances greater than 13 mm, lepidocrocite is also observed at proportions of up to 30%.
Ferrihydrite dissolution promoted by Fe(II) leads initially to the formation of either lepidocrocite or goethite ( Fig. 1) (Benner et al., 2002; Zachara et al., 2002; Hansel et al., 2003; Hansel et al., 2005) . With continued reaction, and Fe(II) loadings in excess of 0.5 mmol Kg -1 (Hansel et al., 2003) , magnetite formation occurs at the expense of both goethite and lepidocrocite. In the diffusive domain, gradients of Fe Model simulations of batch experiments results (Hansel et al., 2005) are able to capture the key differences induced by the primary variable of dissolved Fe 2+ concentration (Fig. 4) .
Simulations of 0.2 mM Fe 2+ reacting with ferrihydrite illustrate the rapid accumulation of lepidocrocite and its gradual replacement by goethite, while also reproducing the absence of magnetite. Simulations of ferrihydrite reacting with 2 mM Fe 2+ (aq) produce rapid accumulation of lepidocrocite followed by goethite. This simulation also captures the subsequent accumulation of magnetite and associated rapid loss of lepidocrocite. Importantly, these differences are reproduced without changing any reaction rate parameters, but are rather driven by the influence of changing Fe 2+ concentrations in the rate expressions.
In the diffusive simulations, identical reaction rate expressions are used while initial conditions, inclusive of Fe ) within the diffusive domain (Fig. 7) . Comparison of the simulated SO 4 2-and Fe (aq) concentrations but is then rapidly converted to goethite (or magnetite); this is illustrated in the early time simulations (Fig. 8) (Fredrickson et al., 1998; Benner et al., 2002; Zachara et al., 2002; Hansel et al., 2003) . This work demonstrates the potential for dramatic spatial variability in 19 secondary mineral phase products following reduction of ferrihydrite in diffusion dominated systems and provides a model for expanding these observations to soil and other natural systems exhibiting physical and biogeochemical heterogeneity. 
